The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/Objective-The pathophysiology of lymphedema is incompletely understood. We asked how transcapillary fluid balance parameters and lymph flow are affected in a transgenic mouse model of primary lymphedema, which due to an inhibition of vascular endothelial growth factor receptor-3 (VEGFR-3) signaling lacks dermal lymphatics, and whether protein accumulation in the interstitium occurring in lymphedema results in inflammation. Methods and Results-As estimated using a new optical-imaging technique, we found that this signaling defect resulted in lymph drainage in hind limb skin of K14-VEGFR-3-Ig mice that was 34% of the corresponding value in wild-type. The interstitial fluid pressure and tissue fluid volumes were significantly increased in the areas of visible swelling only, whereas the colloid osmotic pressure in plasma, and thus the colloid osmotic pressure gradient, was reduced compared to wild-type mice. An acute volume load resulted in an exaggerated interstitial fluid pressure response in transgenic mice.
A ny imbalance, where capillary filtration exceeds lymphatic drainage results in edema formation. Lymphedema is a special form of edema, and human primary lymphedema is a congenital pathology of dysfunctional lymphatic drainage characterized by swelling of the limbs, thickening of the dermis, and fluid and lipid accumulation in the underlying tissues. 1, 2 Several key determinants of lymphatic development have recently been identified, and one of the most studied lymphangiogenic regulators is vascular endothelial growth factor C and its signaling via VEGFR-3 expressed on lymphatic endothelial cells. Defects in this signaling pathway lead to insufficient organization of dermal lymphatic capillaries, resulting in deficient lymph clearance. In humans, VEGFR-3 signaling defects are associated with Milroy disease, a hereditary primary lymphedema condition with swelling of the extremities. 3 There are still unresolved questions concerning the pathophysiology of lymphedema. This especially applies to factors concerning fluid transport in the tissue and into initial lymphatics, mechanisms for collagen and lipid accumulation, as well as the role of inflammation in tissue modulation as a response to chronic lymphedema, and furthermore, how the interstitium reacts to perturbations in fluid balance. In a previous study in the Chy model, 3 representing a model of Milroy disease, we found an exaggerated response to fluid load, suggesting that the interstitial compliance was reduced as a result of tissue modulation in lymphedema. 4 These findings called for studies, where lymph flow was quantified in mouse models with lymphatic system derangements for quantitative evaluation of the phenotype with respect to development of edema.
Here, we investigated pathophysiological consequences of impaired lymph drainage with special focus on tissue microcirculation in a transgenic mouse model of lymphedema, the K14-VEGFR-3-Ig mouse. 5 In this model, a soluble VEGFR-3-Ig, expressed by the keratinocytes of the epidermis, is released systemically and leads to a competitive inhibition of the vascular endothelial growth factor C/D-VEGFR-3 signaling pathway. This prevents proper lymphatic capillary maturation and leads to a reduced lymphatic drainage capacity, resulting in edema formation. We asked how this genotype affected transcapillary fluid balance parameters, particularly focusing on quantification of lymph flow and the response to hydration. Moreover, we asked whether impairment of lymph transport and the associated protein accumulation in the interstitium resulted in inflammation assumed to be central in the pathophysiology of lymphedema, for example. 1, 6 As a consequence of the lymphatic pathology, we found that this model had a lymph flow in hind paw averaging 34% of that in wild-type (WT) mice, limb lymphedema, a significant increase in interstitial fluid hydrostatic, and a decrease in plasma colloid osmotic pressure (COP). In spite of manifest lymphedema, and in contrast to humans, there was no change in interstitial collagen and fat in adult mice, a reduction in some of the macrophage-associated cytokines, and a reduced macrophage infiltration in hind limb skin. Collectively, our data suggest a suppressed immune response in the limbs of mice with this form of lymphedema, and that high interstitial protein concentration and longstanding edema is not sufficient to induce fibrosis and inflammation characteristic for the human condition.
Materials and Methods

Animals
We used the K14-VEGFR-3-Ig transgenic mice on a C57Bl/6 background as model of congenital lymphedema. 5 Mice were anesthetized with a mixture of ketamine (12.2 mg/mL; Ketalar, Pfizer, New York, NY) and medetomidine (24.3 µg/mL; Domitor, Orion Pharma, Espoo, Finland) in saline, 0.2 to 0.3 mL given subcutaneously, or with isoflurane in a combination with O 2 and N 2 O in the opticalimaging experiments (see below). All experiments were performed in accordance with recommendations given by the Norwegian State Commission for Laboratory Animals and were approved by the local ethical committee (Approval # STFDU 1221).
Interstitial Fluid and Tissue Analyses
Interstitial fluid pressure was measured by micropipettes, 7 and interstitial fluid was sampled with implanted wicks 8 or by tissue centrifugation. 9 Tissue fluid volumes were measured with radioactive tracers or by weighing, 4 and COPs on a colloid osmometer designed for submicroliter samples. 10 Cytokines were assayed with multiplex analysis, 4 and collagen and lipids as described in Rutkowski et al. 11 Tissue immune cells were visualized by staining for CD45 and F4/80, and cell distribution in blood, spleen, and bone marrow analyzed using flow cytometry.
Measurement of Lymph Flow
Lymph drainage from the skin was quantified by optically monitoring the depot clearance of near-infrared labeled albumin, and subsequent calculation of removal rate constants (k) in isoflurane anesthetized mice. 12 Skin inflammation was induced by topical application of oxazolone representing delayed-type hypersensitivity inflammatory reaction.
For a more detailed description of experimental procedures, including immunohistochemistry, please see the extended Methods section in the online-only Data Supplement.
Results
All K14-VEGFR-3-Ig mice seemed healthy and developed normally except for a modest swelling of the limbs, in agreement with original data from this model. 5 There were no apparent size or weight differences between the K14-VEGFR-3-Ig mice and their WT littermates.
Normal Tissue Morphology in K14-VEGFR-3-Ig Mice Except for a Modest Swelling of the Hypodermis
Chronic lymphedema in humans is associated with irreversible changes in tissue architecture and composition. 1 Common morphological characteristics include interstitial fibrosis with collagen and lipid accumulation. We therefore looked for morphological changes in the edematous skin of K14-VEGFR-3-Ig mice. Sections from hind paw demonstrated normal tissue morphology, except for a slight hypodermal swelling in the lymphedematous mice. Immunohistochemical analysis with lymphatic vessel endothelial hyaluronan receptor (LYVE-1) verified the absence of lymph vessels in dermis ( Figure 1 ), whereas in deeper layers of the skin, that is, the subcutis, lymphatics appeared normal. The distribution of blood vessels was similar in WT and K14-VEGFR-3-Ig mice, as visualized by CD31 staining (Figure 1 ).
No Accumulation of Collagen and Lipids in K14-VEGFR-3-Ig Mice in Skin Areas Investigated
Lipid and collagen accumulation are hallmarks of longstanding lymphedema in humans. 1 We therefore explored whether similar changes could be found in the K14-VEGFR-3-Ig mouse. Lipid extraction in young adult WT mice (3 months) revealed a high fat fraction in back skin (30.1%) compared with hind paw (13.5%) and thigh muscle (13.4%). No significant differences were observed between the K14-VEGFR-3-Ig (n=7) and WT (n=6) mice in the regions investigated ( Figure IA in the online-only Data Supplement), contrasting the reduction of fat content observed in tail skin in this transgenic model. 11 In older mice (aged 12 months), we found a significantly higher fat content in WT hind paw skin (n=6; P=0.01) as compared with the K14-VEGFR-3-Ig (n=6) mice ( Figure IB in the online-only Data Supplement). No other regions revealed any significant differences between the strains. Interestingly, old WT mice showed a significantly increased lipid content in all regions investigated, compared with their younger littermates, and fat fraction in old WT mice demonstrated a 110% increase in back skin (P=0.002), 26% increase in hind paw (P=0.043), and 104% increase in thigh muscle (P=0.001). None of these differences were observed in the K14-VEGFR-3-Ig mice.
Quantitative analysis of collagen content revealed no significant differences between the 2 genotypes in any of the tissues or regions investigated neither from young (n=5 for WT; Figure 1 . Distribution of lymphatic and blood vessels in intact paw skin. Sections (≈10 µm) from wild-type (WT; left) and K14-VEGFR-3-Ig (right) mice costained for LYVE-1 (green) (arrows) and CD31 (red). Note lymphatics in dermis as well as subcutis in WT, in subcutis only in K14-VEGFR-3-Ig mice. The distribution of blood vessels appeared similar in WT and K14-VEGFR-3-Ig mice. Bar=50 µm. February 2013 n=6 for K14-VEGFR-3-Ig) nor old (n=6 and 6) mice ( Figure  IC and ID in the online-only Data Supplement). In general, collagen content was 10-fold higher in skin than in muscle. Comparing the 2 age groups, there was a significant reduction in collagen content with increasing age in hind paw skin of the K14-VEGFR-3-Ig (P=0.006) as well as WT (P=0.013) mice.
Significant Alterations in Tissue Fluid Exchange Parameters in K14-VEGFR-3-Ig Mice in Areas of Visible Swelling Only
Edema of the K14-VEGFR-3-Ig mouse is only visible in the paws. Estimation of interstitial fluid volume verified the presence of increased tissue hydration in the paws only ( Figure 2A ). Although average control values in fore and hind paw skin were 1.73 mL/g dry weight (DW; n=6) and 1.43 mL/g DW (n=6), respectively, corresponding mean volume estimates in K14-VEGFR-3-Ig were 2.45 mL/g DW (n=6; P=0.020) and 3.54 mL/g DW (n=6; P<0.001). Muscle samples showed no significant differences in interstitial fluid volume between the 2 strains, WT values averaged 0.52 mL/g DW (n=6).
Measurements of total tissue water content (TTW) in skin and muscle followed the same pattern as for interstitial fluid volume, with an accumulation of tissue fluid only in areas of visible edema. K14-VEGFR-3-Ig mice (n=6) showed a 37% (P=0.013) and 130% (P<0.001) increase in TTW compared with WT (n=6) in fore and hind paw skin, respectively ( Figure IIA in the online-only Data Supplement). No differences were observed in back skin, thigh skin, or muscle between the 2 genotypes.
The interstitial fluid pressure (P if ) is a determinant of interstitial fluid volume. In the case of lymphedema, an abnormal accumulation of fluid in the interstitium is expected to result in an increase in P if , which under normal physiological conditions are slightly subatmospheric in the skin and muscle. 13 We found that P if was significantly higher in fore paw (P<0.001), hind paw (P<0.001), and thigh skin (P=0.013) in K14-VEGFR-3-Ig mice ( Figure 2B ). The most pronounced difference was found in hind paw skin, where P if on average was 1.6 mm Hg higher in the K14-VEGFR-3-Ig (n=13) as compared with WT mice (n=12). There were no significant differences in back skin and muscle P if between the 2 groups ( Figure 2B ). To investigate a possible impact of longstanding edema, we measured P if in 12-month-old K14-VEGFR-3-Ig (n=6) and WT (n=6) mice. As summarized in Figure IIB in the onlineonly Data Supplement, we found a similar pattern as in the younger mice, the difference in P if being most pronounced for hind paw skin, averaging 1.9 mm Hg. There is accordingly an increased P if in overhydrated, dependent, regions in transgenic mice that will counteract further fluid filtration and also represent an increased filling pressure for the initial lymphatics. 2 Functional properties of the microcirculation include opposing hydrostatic and colloid osmotic forces working across the vascular wall. Under normal circumstances, the key factor that restrains fluid loss from the capillaries is the intravascular COP. In plasma, the COP was found to be significantly lower (P=0.001) in the K14-VEGFR-3-Ig mice, averaging 16.7 mm Hg (n=7), compared with the corresponding pressure in WT mice of 21.2 mm Hg (n=5). Interstitial fluid from fore paw, hind paw, thigh, and back skin together with thigh muscle of K14-VEGFR-3-Ig mice, had an average COP if ranging from 11.4 to 12.4 mm Hg.
In the corresponding areas in WT mice, mean COP if ranged from 10.1 to 12.5 mm Hg ( Figure 2C ). The COP gradient across the capillary wall (∆COP) is a determinant of the transcapillary fluid flux, 14 and we therefore calculated the difference between COP if and its corresponding plasma value for all regions investigated. Interestingly, ∆COP was found to be significantly lower in fore paw (P=0.005), hind paw (P<0.001), thigh (P=0.001), and back skin (P<0.001) of the K14-VEGFR-3-Ig mice ( Figure 2D ). Such reduced ΔCOP means that there is an increased pressure gradient contributing to fluid filtration in the transgenic model.
As albumin is the main determinant of COP, we measured albumin concentration in plasma and found it to be significantly reduced in K14-VEGFR-3-Ig compared with WT mice, averaging 29.1±1.6 (n=8) and 35.9±1.4 mg/mL (n=9) (P<0.01), indicating that the reduced plasma COP was because of a reduced plasma albumin concentration.
Reduced Level of Proinflammatory Cytokines in K14-VEGFR-3-Ig Mice
We searched for a possible inflammatory response suggested to play a role in the characteristic remodeling of the interstitium 1, 15 in the transgenic lymphedema model by studying local production of inflammatory mediators in the skin and serum of adult (3 months) and old (12 months) mice. In serum, proinflammatory cytokines interleukin (IL)-1α (P<0.001), monocyte chemotactic protein (MCP)-1 (P<0.05), and macrophage inflammatory protein (MIP)-1α (P=0.001) were significantly lower in adult K14-VEGFR-3-Ig mice (n=6), when compared with WT mice (n=6; Figure 3A -3C). IL-2 level was also lower in both serum (P=0.024) and paw skin interstitial fluid (P=0.045) of the K14-VEGFR-3-Ig mice, when compared with WT mice (n=6 for both; Figure 3D ). A significantly reduced cytokine concentration of proinflammatory mediators IL-6 (n=5 for K14-VEGFR-3-Ig and n=6 for WT; P=0.012) and IL-12 (n=6 for both; P<0.01) was found in interstitial fluid from hind paws ( Figure 3E and 3F) . In contrast, the level of IL-17 ( Figure 3G ) was elevated in paw interstitial fluid of K14-VEGFR-3-Ig mice, averaging 37.0 pg/mL (n=6), whereas not detectable in WT mice (n=5; P=0.05). The other cytokines analyzed, IL-1β, IL-4, IL-10, granulocyte colony stimulating factor, granulocyte macrophage colony stimulating factor, chemokine (C-X-C motif) ligand 1, interferon-γ, interferon-γ induced protein 10, regulated and normal T cell expressed and secreted (RANTES), and tumor necrosis factor-α, showed no significant differences between the 2 strains, neither in serum nor in interstitial fluid (data not shown). Thus, except for IL-17, there was a general reduction in macrophage-related proinflammatory cytokines (IL-1α, MIP-1α, IL-6, and IL-12) in the transgenic lymphedema mice, suggesting a reduced macrophage infiltration or local cytokine production in the skin.
Altered Distribution of Immune Cells in K14-VEGFR-3-Ig Mice
Our finding that there was a significant reduction of proinflammatory cytokines in the interstitial fluid from hind paws of K14-VEGFR-3-Ig mice led us to determine the number of immune cells in the skin from hind paws. Results from the immunohistochemical analysis ( Figure 4 ) showed a significantly decreased number of macrophages (P<0.05), and a tendency to decreased number of leukocytes (P=0.06) in the dermis and subcutis from hind paws of K14-VEGFR-3-Ig mice compared with the WT (n=6 for both groups). As a consequence of the reduced number of immune cells in skin, we also investigated relative expression of the monocyte/ macrophage lineage marker CD11b, on leukocytes in blood, spleen, and bone marrow ( Figure 5 ). Interestingly, there was an increased fraction of double-positive CD45/CD11b cells in blood ( Figure 5A ) and spleen ( Figure 5B ) in K14-VEGFR-3-Ig mice compared with WT, whereas the distribution was similar in the 2 strains in bone marrow ( Figure 5C ). Together, these observations suggest that the mobilization of immune cells to the skin is reduced in the mutant.
Reduced Lymph Flow in K14-VEGFR-3-Ig
To investigate the role of the missing lymphatics on interstitial protein removal from skin tissue, we used a novel method to quantify the lymphatic function based on washout of fluorescently labeled albumin. 12 The intradermal injection of Albumin-Alexa 680 rendered only a small, hardly visible vesicle at the dorsal surface of the hind paw. After an initial distribution phase of 60 minutes, when little solute was cleared, we followed the washout of tracer for 6 hours ( Figure 6A) . All experiments followed a near-log-linear decrease in the quantity of labeled macromolecule ( Figure 6B ), indicating stable dye washout. k-values, calculated from the slope of the regression lines for each individual mouse, averaged 0.14±0.02% min -1 in K14-VEGFR-3-Ig mice (n=5), which was significantly lower (P<0.001) than the corresponding k of 0.41±0.03% min -1 found in WT mice (n=5), thus showing that the transgene expression resulted in a lymph flow in skin averaging 34% of that in WT in the lymphedema mice.
K14-VEGFR-3-Ig Mice Have an Exaggerated Pressure Response to Fluid Volume Overload
One of the main functions of the lymphatic vasculature is to remove excessive fluid from the interstitial compartment. To test the lymphatic drainage capacity, we therefore exposed both K14-VEGFR-3-Ig and WT mice to a volume overload of Ringer solution, 15% of body weight during 60 minutes. The relationship between tissue fluid volume and P if during changes in tissue hydration was evaluated, as previous experiments had suggested an exaggerated response to overhydration in lymphedema. 4 Control values were acquired from euvolemic animals. In WT mice, P if and TTW averaged -0.7±0.1 mm Hg and 1.9±0.1 mL/(g DW), respectively. Corresponding values of P if and TTW during overhydration were plotted as single observations ( Figure 6C ). K14-VEGFR-3-Ig mice had a different starting point with control values in a similar area as overhydrated WT mice, P if and TTW averaging 0.9±0.2 mm Hg and 4.2±0.3 mL/(g DW), respectively. Similar to WT mice, volume expansion in K14-VEGFR-3-Ig mice resulted in marked rise in P if and TTW ( Figure 6C ), and both parameters differed from its corresponding value in WT mice (P<0.001 for both comparisons). Whereas the TTW increased to a similar extent in both genotypes, the fluid challenge resulted in a more pronounced increase in P if in K14-VEGFR-3-Ig (4.7±0.7 mm Hg) than in WT (2.5±0.5 mm Hg; P<0.05). Of note, 2 of the mutant animals had a very marked increase in volume and pressure on volume loading. Although not as pronounced as in the Chy mice, 4 this response suggests that also the K14-VEGFR-3-Ig mice have an exaggerated P if response to volume loading.
Similar Response in K14-VEGFR-3-Ig and WT Mice to Inflammation
Because of the exaggerated response in the K14-VEGFR-3-Ig mice to an acute volume load, we decided to test the response to a more chronic perturbation induced by oxazolone application. 16 Challenge by oxazolone resulted in fluid accumulation in WT as well as K14-VEGFR-3-Ig mice, as shown by TTW of 2.9 and 4.7 mL/(g DW), respectively ( Figure 6D; P<0.001) , both values significantly increased from respective control values ( Figure IIA in the online-only Data Supplement). Moreover, P if increased significantly after oxazolone challenge in WT (0.8±0.2 mm Hg; P<0.05) as well as mutant mice (0.6±0.4 mm Hg; P<0.01; paired t test; Figure 6E ). As in the control situation, P if was higher in K14-VEGFR-3-Ig than in WT mice after oxazolone treatment (P<0.001; 1-way ANOVA), whereas the pressure rise because of treatment was not different. In spite of the increase in TTW and P if , the lymph flow rate constants were unaffected by the challenge and were similar to their respective controls ( Figure III in the onlineonly Data Supplement). Moreover, the number of leukocytes and macrophages did not differ significantly in WT and K14-VEGFR-3-Ig mice after oxazolone treatment ( Figure IV in the online-only Data Supplement), and suggests that this model, when challenged, can respond with a normal T-cell response, 16 in agreement with previous data. 17
Discussion
Here, we have evaluated a transgenic mouse model, which because of inhibition of VEGFR-3 signaling lacks dermal lymphatics, and studied the pathophysiological consequences of this phenotype. These mice developed lymphedema in fore paws and hind paws, and had a significantly elevated level of P if in areas of edema only. Furthermore, a generally increased COP if relative to plasma suggests that the model represents a high-protein lymphedema. Using a novel opticalimaging approach, we could demonstrate that the lymphatic vessel phenotype resulted in a dramatic reduction in washout of injected macromolecules, suggesting that lymph flow is only ≈one third of that in WT mice. In spite of chronic edema, the mice did not develop significant changes in tissue architecture or composition. Much to our surprise, and in contrast to what has been observed in secondary lymphedema in humans, 15 this model also had reduced levels of some proinflammatory cytokines in serum and tissue, as well as macrophages and leukocytes in skin. These findings suggest that there is a suppressed rather than increased humoral immune response, and thus reduced immune competence in the lymphedematous tissue, in agreement with a recent study in this model. 17
Microcirculatory Consequences of Impaired Lymph Flow
Although the derangement in lymph function in the K14-VEGFR-3-Ig mice is caused by a different mechanism than in the Chy mice, the subsequent changes in interstitial fluid pressure and volume in the control situation were quite similar, 4 although they tended to be somewhat less pronounced in the K14-VEGFR-3-Ig model. Furthermore, the COP if relative to plasma was increased, suggesting that the removal of proteins by lymphatics is impeded, as was actually demonstrated by recording of lymph flow. The reason for the high relative COP if is that the COP p is significantly reduced because of hypoalbuminemia in the mutant, whereas the COP if is similar in the 2 strains. The reason for this finding is not readily evident. It is well known that cytokines affect liver synthesis of albumin (for review see Saini et al 18 ) , and as we found that cytokine levels were affected in our model, one possibility is that the low levels of some proinflammatory cytokines affected the liver synthesis of albumin in the K14-VEGFR-3-Ig mice.
Interestingly, we could demonstrate that although the K14-VEGFR-3-Ig mice lack initial lymphatics in the dermis, they still possess about one third of the drainage capacity of the WT mice in the lymphedematous paws. Although this reduction is significant, the resulting edema is relatively modest compared with most forms of primary lymphedema in humans, 1 indicating that compensatory mechanisms are activated. 2 These compensatory mechanisms are also active in inflammation, as shown by the modest rise in P if , TTW, and unaltered lymph flow in the induced delayed hypersensitivity reaction. The lymph flow measurements together with the fact that only the paws present edema indicate that the K14-VEGFR-3-Ig mouse must have an alternative route for removal of filtered interstitial fluid, when dermal lymphatics are missing. Recent data from this mouse model suggest that an increased hydraulic conductivity could counteract the swelling tendency. As observed here, Rutkowski at al 11 found an increased tissue hydration in the K14-VEGFR-3-Ig versus WT mice, and the tissue composition with respect to collagen was not different in the 2 strains. Actually, in their study, the content of subcutaneous fat was reduced and not similar to WT that may be because of the site studied (tail skin versus paw). The tissue hydraulic conductivity, however, was almost 3-fold higher in the K14-VEGFR-3-Ig mice. Hydraulic conductivity is strongly dependent on hydration, 19 which, in our experiments, was 2-to 3-fold as compared with the modest increase of 10% reported by Rutkowski et al. Thus, even though the lymphatics are missing from the dermis in this model, fluid could more easily be transported to the lymph vessels located in subcutis, which would compensate to keep the edema moderate.
Role of Inflammation in Lymphedema
Tissue collagen and lipid accumulation found in human chronic lymphedema are thought to originate from chronic inflammation induced by a high interstitial protein concentration. 1, 6 The fact that K14-VEGFR-3-Ig mice present with a relative high-protein edema notwithstanding, our results from the cytokine analysis show no signs of inflammation, suggesting that a high protein concentration in the interstitial fluid per se is not sufficient to induce an inflammatory reaction, or the fibrotic and hyperlipemic condition seen in humans. Actually, whereas skin fat increased with age in the WT mice, such a change was not observed in K14-VEGFR-3-Ig mice, showing an opposite effect of what is seen in lymphedema patients. Moreover, several of the proinflammatory cytokines and, in particular, those associated with macrophage function were even reduced in the lymphedema mice. In plasma, levels of IL-1α, associated with transmigration of immune cells, 20 together with MIP-1α, a chemotactic and proinflammatory protein that recruits leukocytes to sites of infection, 21 were reduced. Furthermore, monocyte chemotactic protein-1 that has a similar function as MIP-1α, 22 was found at lower levels, suggesting that macrophage migration may be affected in K14-VEGFR-3-Ig mice. This assumption is supported by flow cytometry data showing accumulation of cells of monocyte/macrophage lineage in blood and spleen, and also of recent data showing reduced dendritic cell trafficking in this model. 17 In interstitial fluid from hind paw, IL-6, a typical proinflammatory cytokine released mainly by monocytes and macrophages, 23 was found at reduced concentrations, as was IL-2, a potent T-cell growth factor produced mainly by activated T-lymphocytes. 24 The most pronounced difference concerned the IL-12 levels in hind paw skin interstitial fluid. IL-12 is a proinflammatory cytokine, produced by dendritic cells and macrophages, that during infection induces the production of interferon-γ, favors the differentiation of T-helper 1 cells and forms a link between innate resistance and adaptive immunity. 25 Our findings of reduced inflammation are contrasting recent data from Avraham et al. 26 In a mouse model of secondary lymphedema in the tail, they found increased fibrosis and a T-helper 2 cell-based inflammatory reaction mediated via TGF-β in lymphedematous tissue. They suggested that these reactions resulted from lymph stasis, whereas our data show that lymph stasis per se does not induce inflammation. An alternative explanation could be that a postoperative reaction to skin resection in the lymphedema tail model, combined with the lymph stasis, could induce the observed changes.
Considering the reduced levels of proinflammatory cytokines discussed above, the finding of an elevated level of IL-17 in paw skin was somewhat surprising, as the differentiation of naïve T-cells to IL-17-producing T-helper 17 cells is induced by IL-1 and IL-6 27 that were found to be downregulated in hind paw skin. This observation may, however, be a consequence of the fact that IL-2, a known inhibitor of IL-17 production, 28 was reduced in lymphedematous skin. Taken together, the cytokine analysis data may suggest that there is an impaired macrophage and dendritic cell function in the K14-VEGFR-3-Ig lymphedema model.
Input of dendritic cell-bound and -unbound antigenic material to lymph nodes from nonlymphoid tissue like skin through afferent lymphatics is a fundamental element in immune surveillance and homeostasis. 29, 30 Such transport is slow in steady state, but increases dramatically during inflammation 30 and is a central element in the initiation of an immune response. 31 Accordingly, the lack of dermal lymphatics and the associated reduction in lymph flow in our lymphedema model may result in a reduced antigen presentation in the lymph nodes and a reduced host immune defense that is even discernible in steady state. This assumption is supported by a markedly diminished skin dendritic cell migration and impaired humoral immunity observed by others in models with reduced lymph flow, 17, 32 and the marked suppression of cytokines observed in our study.
Summary and Implications
The K14-VEGFR-3-Ig lymphedema model may be used to further our understanding of the pathophysiology of this condition. Like the Chy model, the K14-VEGFR-3-Ig model lacks lymphatics in the dermis, resulting in a high hydrostatic pressure and COP in interstitial fluid. For the first time, we have managed to quantify the effect on lymph flow of the engineered lymphatic vessel defect, and found that it decreased lymph flow to one third of that in corresponding tissues of the WT mice. Although it has been assumed that a high protein concentration in interstitial fluid induces inflammation, fibrosis, and lipid accumulation, our finding of normal or reduced levels of proinflammatory cytokines, and normal levels of lipids and collagen suggest that a high protein concentration per se, or longstanding edema, is not sufficient to induce the mentioned changes in tissue architecture. Our findings of low levels of proinflammatory cytokines in interstitial fluid from lymphedematous limbs as well as reduced number of macrophages in the tissue suggest a reduced host defense capability in the affected regions. Although the K14-VEGFR-3-Ig mouse is an interesting experimental model for lymphedema, it fails to mimic the severe symptoms of chronic lymphedema in humans, making it less suitable for studies of pathophysiology of lymphedema in its advanced stages, involving changes in tissue architecture.
